Genomic ANI (Average Nucleotide Identity) has been found to be able to replace DNA-DNA hybridization in prokaryote taxonomy. The ANI of each of the core genes that has a phylogeny congruent with the reference species tree of rhizobia was compared to the genomic ANI. This allowed us to identify three housekeeping genes (SMc00019-truA-thrA) whose ANI reflected the intraspecies and interspecies genomic ANI among rhizobial strains, revealing an ANI gap ($2%) between the inter-and intra-species comparisons. The intraspecies (96%) and interspecies (94%) ANI boundaries calculated from three genes (SMc00019-truA-thrA) provided a criterion for bacterial species definition and confirmed 621/629 of known interspecies relationships within Bradyrhizobium, Mesorhizobium, Sinorhizobium and Rhizobium. Some widely studied strains should be renamed. The SMc00019-truA-thrA ANI also correlates well with the genomic ANI of strains in Agrobacterium, Methylobacterium, Ralstonia, Rhodopseudomonas, Cupriavidus and Burkholderia, suggesting their wide applicability in other bacteria.
Introduction
Theory-based concepts of prokaryotic species have been debated in the community [1] but, pragmatically, prokaryotic species have been defined by polyphasic approaches including phenotypic and genetic methods. Among these, the 70% DDH (DNA-DNA hybridization) value has been widely used as a gold standard, especially where 16S rRNA gene sequence similarity values are more than 97% [2] . However, DDH has serious limitations: it is time-consuming, ill-suited for rapid identification, and unavailable for non-culturable prokaryotes. Moreover the 70% DDH criterion does not correspond to an ecological/ evolutionary theory-based concept of what properties a species should have [3] . The advance of sequencing technology has allowed us to use comparative genomics and multi-locus sequence analysis (MLSA) to provide a closer marriage between the definition and concept of species [3] . Recently, 95-96% ANI (Average Nucleotide Identity) of pairwise genomes has been demonstrated to correlate with the current boundary of the 70% DDH value [4] [5] [6] . In a phylogenetic and/or taxonomic survey, however, it is unnecessary to sequence genomes for all the prokaryotes under study and genome assembly may not even be possible, as in metagenomics. Thus, efforts have been made either to reduce the sequencing coverage of genomes or to screen fewer loci while reflecting the average signatures of whole genomes [4, 7] . Up to now, MLSA has been widely used to infer the taxonomy, phylogeny and microevolution of prokaryotes [2, 3] , but a universal set of genes for all prokaryotes might be unattainable because those ubiquitous genes conserved enough to be amplified by general primers might not evolve quickly enough to distinguish closely related taxa [3] . Moreover, the species-and subspecieslevel analyses dominated the topics of most studies and are increasingly important in microbiome survey [8, 9] .
Rhizobia are defined as symbiotic bacteria forming nitrogenfixing nodules with diverse legumes, and they play an important role in sustainable agriculture. More than 90 species belonging to 13 genera of a-and b-proteobacteria have been described as rhizobia. Due to the limited number of rhizobial genomes in databases, target genes (atpD, dnaK, gap, glnA, glnII, gltA, gyrB, pnp, recA, rpoB and thrC) for MLSA of rhizobia have been selected largely in the belief that they were housekeeping genes [10] [11] [12] . No comparisons between the phylogenies of these genes and phylogenies derived from whole genome data were made before using them. Although different subsets of these possible housekeeping genes were carefully chosen for further analyses in each genus, incongruent phylogenetic signals among these loci have been reported [10] [11] [12] . Moreover, for these possible housekeeping loci, a universal clear-cut gap between intra-and inter-specific sequences was not found [10] [11] [12] . A recent comparative genomic study of 22 rhizobial genomes identified 33 core genes with phylogenies congruent with the reference tree based on 295 core genes [13] . In the present study, we first tested whether the ANI of each of these 33 genes reflected the ANI of the corresponding pair of genomes. The best performing markers were then used to evaluate the current taxonomy of type strains in Bradyrhizobium, Mesorhizobium, Sinorhizobium (later synonym Ensifer; due to more extensive use of Sinorhizobium in the community, Sinorhizobium was used throughout the text), and Rhizobium. The correlation between the ANI of selected markers and the genomic ANI of published genomes in Agrobacterium, Methylobacterium, Ralstonia, Rhodopseudomonas, Cupriavidus and Burkholderia was also studied.
Materials and Methods

Genomes and housekeeping genes
The 85 genomes used in this study are listed in Table S1 . Thirty-three core genes with phylogenies congruent with the reference species tree of 22 rhizobial genomes were found earlier [13] , but five of these genes are absent in other rhizobial genomes. Therefore, 28 out of 33 genes were analyzed herein (Table 1) .
Average nucleotide identity (ANI) analysis
ANI between genomes (ANIm) was calculated by using the NUCmer algorithm [14] integrated in Jspecies [4] .The ''No. of differences'' model integrated in MEGA 5 [15] was used for calculating the pairwise distance between sequences of a single gene, from which ANI values (ANIg) were obtained using Excel. Pearson and Spearman correlation coefficients between ANIg and ANIm values were calculated using SPSS. Curve estimation integrated in SPSS was used to find the curve that gives the best fit to the data of ANIm-ANIg pairs.
Phylogenetic and recombination analysis
All of the 28 test genes passed the Permutation Tail Probability test (PTP) integrated in PAUP* 4.0b10 [16] . Single gene alignments were aligned by using MEGA 5 [15] . Modeltest [17] was used to produce the best nucleotide substitution model for each alignment. Maximum likelihood (ML) trees with 100 bootstrap replicates were constructed by PhyML 3.0 [18] , or by PAUP* 4.0b10 [16] with PHYLIP [19] for bootstrapping. The Shimodaira-Hasegawa (SH) test [20] integrated in PAUP* 4.0b10 was performed to test the level of topological congruence between ML trees (P = 0.05). The PHI test [21] was used to detect potential recombination signal in single or concatenated genes.
Primers and PCR conditions
Degenerate primers (Table 2) were designed for the amplification of thrA, SMc00019 and truA in 67 type strains of Bradyrhizobium, Sinorhizobium, Mesorhizobium and Rhizobium (Table S2 ). Fragment amplifications were carried out by PCR with primer pairs as follows: thrAB-F/R (Bradyrhizobium), thrAMRS-F/R (Mesorhizobium, Rhizobium and Sinorhizobium), SMc00019B-F/R (Bradyrhizobium), SMc00019MRS-F/R (Mesorhizobium, Rhizobium and Sinorhizobium), truAB-F/R (Bradyrhizobium), truAR-F/R (Rhizobium) and truAMS-F/ R (Mesorhizobium and Sinorhizobium). Corresponding PCR condi- tions were listed in Table 2 . The resulting 201 sequences were deposited in GenBank under the accession numbers JX064199-JX064265 (SMc00019), JX064271-JX064337 (truA) and JX064343-JX064409 (thrA).
Results and Discussion
Novel phylogenetic and taxonomic markers and reevaluation of current classification of Rhizobiaceae Consistent with the genomic ANIm 95%-96% boundary for the species definition of other prokaryotes, it was recently shown that genomic ANIm .95% could be used to identify strains of the same rhizobial species [4, 13] . Among the 295 core genes of rhizobial genomes, single-gene trees (ML) of 33 core genes have been found to have phylogenies congruent with the reference species tree based on concatenation of 295 core genes or with the strict consensus tree of 295 single-gene trees [13] . In this study, 28/33 of these core genes (Table 1) were further analyzed. An ML tree based on the concatenated sequences of these 28 genes ( Figure 1A ) was found to have a topology highly congruent (SHtest, P = 1.0) with the rhizobial species tree described earlier [13] , and was used as the reference species tree herein. In order to find potential taxonomic markers among these 28 genes, we calculated their ANIg values among rhizobial strains for which genome sequences are available (Table S1 ). Twelve genes satisfied the criterion that ANIg 95% or 96% serves as the boundary of rhizobial species corresponding to the species assignments based on genomic ANIm values (with 95% as the boundary, see below). Among these genes, SMc00019, truA and thrA were selected for further analyses, considering their shorter gene length (,1.5 kb) and more similar topology to the reference tree.
The ML phylogenetic tree of concatenated SMc00019-truA-thrA ( Figure 1B ) had higher bootstrap values than the individual gene trees of SMc00019, truA, and thrA, and showed significant congruent topology (SH-test, P = 0.348) to the reference species tree ( Figure 1A) . Consequently, the SMc00019-truA-thrA concatenation could be used for the construction of a robust phylogenetic tree of rhizobia.
Genomic ANIm and the ANIg of the SMc00019-truA-thrA concatenation (ANIstt was used below) were calculated for 294 pairwise comparisons between strains in Bradyrhizobium, Mesorhizobium, Sinorhizobium and Rhizobium (Tables S3, S4 , S5, and S6). Pearson and Spearman correlation coefficient values between these two data sets were 0.938 (P,0.0001) and 0.954 (P,0.0001), respectively. Although the linear curve produces a reasonable fit to these data (R 2 = 0.881, F (1, 292) = 2155.01, P,0.0001), the quadratic function explains substantially more of the variance (R 2 = 0.966, F (2, 291) = 4195.907, P,0.0001). Model comparison by using extra sum-of-squares suggests that the quadratic model is better than the linear (F (1, 291) = 745.117, P,0.0001). The highest value of interspecies ANIstt was 94% and the lowest value of intraspecies ANIstt was 96%, and these values corresponded to 93% and 95% ANIm of genome sequences (Figure 2 and Tables  S3, S4 , S5, and S6). Therefore, there seems to be an ANI gap ($2%) between the boundaries of inter-and intra-species comparisons for rhizobia. One exception was, however, found when comparing R. leguminosarum bv. viciae 3841 and R. leguminosarum bv. trifolii WSM1325, for which ANIm = 94.15% and ANIstt = 95.5%. These are unexpectedly low values for an intraspecific comparison. Both ANIm and ANIstt values between CIAT652 and the type strain CFN42 were lower than 92% indicating that CIAT652 should belong to a species other than Rhizobium etli. This is consistent with the recent finding that CIAT652 may belong to R. phaseoli rather than R. etli [22] . Species assignments of several widely studied rhizobial strains USDA110, NGR234, BTAi1, ORS278, 3841 etc. should be further examined by comparing ANI values between each strain and the type strains in the corresponding genus (Table S2) .
Unfortunately, most rhizobial genome sequences available in the public database were not obtained from the type strains of the species. On the other hand, as described above, ANIstt (ANIg of SMc00019-truA-thrA) is a good surrogate for ANIm. Since these genes could potentially serve as excellent taxonomic markers, they were amplified from 67 type strains (Table S2 ) of species in four major rhizobial genera (Bradyrhizobium, Sinorhizobium, Mesorhizobium and Rhizobium) which account for around 80% of the species pool of rhizobia. Among 12 species of Bradyrhizobium (Table S7) , 64/66 interspecies ANIstt values were below 94%; the exceptions were the B. lablabi/B. jicamae pair (ANIstt = 94.89%) and the B. elkanii/B. pachyrhizi pair (ANIstt = 96.59%). In Sinorhizobium (Table S8) , 27/ 28 interspecies ANIstt values were below 94% and S. kummerowiae should be a later synonym of S. meliloti due to the high ANIstt (99.51%) between their type strains. In Mesorhizobium (Table S9) T , and these values lie between the inter-and intraspecies boundary of 94%-96%, implying a genetic continuum among these strains or an ongoing speciation process.
Traditional rhizobial molecular markers for rhizobial taxonomy or phylogeny MLSA has been widely used in rhizobial taxonomy and phylogeny. Martens et al [26] compared phylogenies of dnaK, gltA, glnA, recA, thrC and 16S rRNA genes within the genus Ensifer (Sinorhizobium). Rivas et al [10] and Nzoué et al [11] assessed partial sequence analysis for atpD, recA, gyrB, rpoB, dnaK, glnA, glnII, gltA and thrC in the genus Bradyrhizobium. Although the concatenation of certain housekeeping genes sometimes produced reasonable taxonomic resolution, incongruent phylogenies were reported among these genes in the same studies [10] [11] 26] . dnaK, glnA, gyrB, thrC, recA, atpD and rpoB are among the 295 core genes of rhizobial genomes [13] (Table 1) . Moreover, the ML gene trees for dnaK and rpoB were not significantly different from the reference species tree, according to the SH test. An intraspecific rpoB sequence similarity of 98.2% and an interspecific value of 97.7% were earlier suggested for bacterial species definition [27] . Nevertheless, according to the species assignments of rhizobia based on ANIm, intraspecies ANIg values of rpoB were 97.36%-100% whereas the highest value of interspecies ANIg was 97.7%. In the case of dnaK, intraspecies ANIg values were 97.32%-100% whereas the highest interspecies ANIg was 97.95%. Thus neither rpoB nor dnaK had a clear gap between inter-and intra-species ANIg values for rhizobia. Among the housekeeping genes, recA, glnII and atpD have been widely used as molecular markers to study rhizobial taxonomy, phylogeny, biogeography and population genetics [12, 23, [28] [29] [30] [31] . In this study, with SH-test, significant incongruence (P = 0.017) was found between the ML tree of concatenated recA-glnII-atpD ( Figure 1C ) and that of SMc00019-truA-thrA ( Figure 1B) , whereas, as mentioned above, the latter tree was congruent with the reference species tree of rhizobia ( Figure 1A) . A notable number of incongruent branches within Bradyrhizobium and Sinorhizobium were found in Figure 1C as compared to Figure 1A and 1B. In line with these observations, significant recombination signal was found in the concatenated recA-glnII-atpD sequence (PHI test, P,0.0001) but not in SMc00019-truA-thrA (PHI test, P = 0.332).
The application of SMc00019-truA-thrA in other prokaryotes
Interestingly, ANIstt also correlates well (Spearman correlation coefficient 0.835, P,0.0001) with the ANIm of strains in Agrobacterium, Methylobacterium, Ralstonia, Rhodopseudomonas, Cupriavidus and Burkholderia. In these genera, 160/166 intragenus comparisons belong to either the intraspecies ANI region (ANIm .95% and ANIstt .96%) or the interspecies region (ANIm ,93% and ANIstt ,94%). ANIstt could be used to evaluate current species assignments of related strains. For example, JMP134 [32] should not be referred to as Cupriavidus necator because it has low ANIm/ANIstt values (86.39%/81.74%) with the type strain N-1 [33] (Figure 2 ), six points were found in these comparisons between B. cenocepacia and B. ambifaria strains. These findings are consistent with the view that B. cepacia complex bacteria (including B. cenocepacia, B. ambifaria etc.) may constitute a genetic continuum in which species have only relatively recently developed [34] . It is noteworthy that, as shown in Figure 2 , a cluster of outliers are found around ANIstt = 85% and these data points all come from the comparisons between Burkholderia sp. CCGE1001/CCGE1002/CCGE1003 and other abovementioned Burkholderia species. The underlying mechanisms remained elusive, but it could be related to the distinct phylogenetic position of CCGE1001/CCGE1002/CCGE1003 in Burkholderia [34] .
Conclusions
Comparing the genomic ANIm with the ANIg of core genes that have a phylogeny congruent with the reference species tree of rhizobia allowed us identifying three housekeeping genes (SMc00019-truA-thrA) whose ANIg could also reflect the intraspecies and interspecies genomic ANIm among rhizobial strains. The limits of intraspecies ANIg (96%) and interspecies ANIg (94%) of SMc00019-truA-thrA provided a criterion for rhizobial species definition that confirmed the majority of known interspecies relationships of rhizobia and called for amalgamation of certain species and name corrections for some widely studied strains. Reconsidering species assignments of related strains is particular important, if any evolutionary conclusions are to be made at the species or sub-species level. Indeed, the micro-evolutionary mechanisms of rhizobia and pathogenic bacteria have recently received a great deal of attention by microbiologists. Therefore, SMc00019-truA-thrA could be utilized in taxonomy, phylogeny, population genetics and biogeography of related bacteria and in metagenomics surveys. The same type of approach could also be carried out on any prokaryote. 
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